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  We present investigations of optical phenomena and applications using highly-
nonlinear materials and geometries. We fabricated chalcogenide nanowires with 
extremely high aspect ratios and core diameters as small as 500 nm and lengths up to 
10 cm. We showed the viability of these nanowires for nonlinear optical devices 
through demonstrations of nonlinear light-matter interactions in two power regimes. 
However, the limited durability of chalcogenide nanowires limits their viability for 
practical optical devices. 
  We next investigate microspheres fabricated from amorphous arsenic 
triselenide (As2Se3).  We developed a novel method of fabrication, which was based 
on heating using platinum coils in normal lab conditions and produced high optical 
quality samples with diameters ranging from 50 μm to 500 μm. We then developed a 
new method of coupling to high refractive index resonators using silicon waveguides. 
We demonstrated loaded Q’s of 2.3×10
6 with light centered at 1550 nm. Nevertheless, 
thermal instabilities limit the practicality of using these resonators for enhanced 
nonlinear optical interactions. 
  We next developed a novel temporal-imaging system that can be easily 
synchronized to an external clock source for use in a time-lens based on four-wave 
mixing for optical processing applications. Spectrally broadening the output of a 
repetition-rate-agile picosecond time-lens source via self-phase modulation in  
Corning® Vascade LS+ fiber resulted in a system that has the bandwidth to support 
optical measurement and processing with sub-picosecond resolutions. As a proof of 
concept, we implemented our temporal-imaging system in two time-lens systems: a 
time-to-frequency converter and a temporal-magnification system. We also showed 
that the timing jitter limits the resolution of our temporal-imaging system to 270 fs. 
Lastly, we used this temporal-imaging system to create an ultra-high-bandwidth full-
field, amplitude and phase, arbitrary waveform characterization system based on a 
temporal-phase measurement using heterodyning.  We showed single-shot full-field 
reconstruction with 2.2-ps resolution over a record length of 250 ps. 
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 CHAPTER 1 
 
INTRODUCTION 
 
Experimental nonlinear optics began immediately following the invention of the laser 
[1]. For the first time, the intensities required to excite higher order material responses 
were available to researchers. Research has since expanded, and nonlinear optics has 
become a mature field. However, devices based on nonlinear optical phenomena have 
seen limited commercial application. Perhaps the only widespread application is in 
green laser pointers. However, there are industries that are on the cusp of widespread 
deployment of nonlinear optical devices. In particular, the telecommunications 
industry stands to benefit greatly. Recent advances in nanophotonics and nonlinear 
optical materials has led to miniaturization, lower power and energy requirements, and 
higher bandwidth in nonlinear optical systems. These advances will allow easier 
integration into existing systems and provide capability to operate at the bandwidths 
necessitated by growing consumer demand. 
  The migration from devices based on electronics to ultra-high-bandwidth all-
optical devices requires active optical components. One method of achieving this is 
through the use of nonlinear optics [2,3] and, in particular, those based on the third-
order susceptibility χ
(3) [4]. Unlike χ
(2) interactions, which often involve narrow-
linewidth wavelengths separated by an octave,  χ
(3) interactions such as four-wave 
mixing (FWM) allow a great deal of wavelength flexibility. This a critical attribute, 
since many applications require all interacting beams to be from the same amplifier 
band. 
 In  addition,  χ
(3) nonlinearities are present in all media and are not reliant on 
material asymmetries. This allows the development of nonlinear optical devices in 
1 amorphous materials, greatly simplifying device design and integration. In addition, 
the flexibility of χ
(3) interactions also affords a great deal of freedom in selecting 
geometry and material. This is crucial, because χ
(3) interactions require extremely 
strong light-matter interactions. From Eq. 1.1, one can obtain an estimate of the field 
intensity necessary for a π-phase shift to occur due to the intensity dependent index of 
refraction n2, which is dependent on χ
(3) [2]. The nonlinear phase shift, 
c
L I n 0 2  
                                                      (1.1) 
where ω0 is the center wavelength of the light, c is the speed of light, and I is the 
intensity of the beam. The value of n2 for silica glass is 3.2×10
-16 cm
2/W. Therefore, 
very strong interactions are required for observable effects. However, this estimate of 
the necessary field intensity is dependent on the interaction length. Therefore, it is 
advantageous to select a geometry that will allow a long effective interaction length 
while maintaining a high-intensity light field. It is also fruitful to investigate materials 
with large χ
(3) responses.   
  In this dissertation, we will investigate χ
(3) phenomena in highly nonlinear 
geometries and materials. Furthermore, we will explore a few applications that make 
use of these processes. In the second and third chapters of the dissertation, we will 
focus on chalcogenide glass, a class of non-silica glasses with near infrared (NIR) and 
mid-infrared (MIR) transmission [5] and large intrinsic nonlinear responses [6]. In 
particular, we will investigate nonlinear interactions in these glasses in geometries 
selected for optimal light-matter interactions.   
  In chapters four and five, we will motivate these studies by looking at 
applications that make use of nonlinear interactions. Specifically, we will investigate a 
number of ultrafast waveform-characterization technique, which are based on a 
parametric time-lens, which utilizes FWM. Therefore, the performance of these 
devices will be dependent on the strength of the χ
(3) response of the system. For high 
2 sensitivity and dynamic range in such systems, it is critical to develop materials that 
facilitate nonlinear interactions at low powers. 
 
1.1 Highly-Nonlinear Geometries in Chalcogenide Glass 
 
Chalcogenide glasses are a group of non-silica glasses named for their networking 
elements, which are chalcogens higher up on the periodic table than oxygen. 
Chalcogenide glasses have unique optical properties that make them promising for a 
host of applications [6-10].  These glasses were first exploited for their linear optical 
properties. Specifically, their transmission properties in the NIR and MIR attracted a 
large body of research. IR data transmission is a well developed field [11], and there is 
high demand for transmissive materials in those wavelength regimes. 
  Chalcogenides are inert in their amorphous forms at room temperature, which 
allows for their safe usage in a variety of applications. This is a concern due to the fact 
that the chalcogens are often accompanied by elements with well documented toxicity, 
such as arsenic. However, in normal lab conditions even ingestion is not a serious 
health threat. 
  Recently, the nonlinear properties of chalcogenide glasses have been explored.  
These glasses have been shown to have an n2 a few orders of magnitude greater than 
silica glass. Arsenic trisulfide (As2S3) has an n2 of 2×10
-14 cm
2/W and arsenic 
triselenide has an n2 of 2×10
-13 cm
2/W, which are 60× and 600× larger than silica 
glass, respectively [6].  These large nonlinear coefficients are easily leveraged given 
the commercial availability of chalcogenide glass optical fiber. Fiber is an ideal 
platform for probing nonlinear effects because it allows for long interaction lengths at 
high intensity in its high aspect ratio guiding regions. Unsurprisingly, there is a wealth 
of research showing nonlinear effects in chalcogenide fiber [6-10]. However, it is 
3 possible to move to geometries significantly more nonlinear than fiber designed for 
long haul transmission. Combined with the large n2 of chalcogenides, it is possible to 
create systems with five orders of magnitude more nonlinearity than standard telecom 
fiber.  
  In this dissertation, we will focus on two geometries in chalcogenide glass. The 
first is the photonic nanowire, and the second is the microsphere. In both, we use post-
processing of fibers to optimize the samples for nonlinear performance. In the case of 
the photonic nanowire, we take As2S3 microstructured fiber with a 5-μm diameter 
solid core defect and taper the fiber until the core has a sub-micron diameter. We have 
created samples with cores as small as 500 nm and as long as 10 cm. The high index 
contrast between the core and honeycomb structure allow for high field confinement 
in the core.  Therefore, small mode field diameters can be achieved.  This leads to 
greater effective nonlinearity. 
  We also fabricated high-Q chalcogenide glass microspheres from 
commercially available chalcogenide fiber. These resonators, with diameters from 50-
μm to 500-μm, allow significant field buildup in their guiding modes. The ratio of 
incident to internal field powers was measured to be as high as 6000. This power 
buildup can allow for an enhancement of nonlinear effects.  Combined with the small 
mode volume of the microsphere, the intensity of the light inside the sphere can be 
quite high even when the incident power is low.  
  Unfortunately, the physical properties of chalcogenide glass make it more 
delicate than silica glass, impossible to splice to silica fiber, and thermally unstable 
when exposed to beams of moderate power. These issues limit the performance of 
chalcogenide glasses in nonlinear applications.  
 
4 1.2 Temporal-Imaging System with Simple External Clock Synchronization 
 
While investigating basic phenomena, it is important to keep an eye toward 
applications. Physics has a rich history of developing theories into inventions that 
improve the quality of life for humankind. From the combustion engine to the plasma 
television, applications of cutting-edge physics have been a boon to civilization. In 
addition to these societal benefits, applications motivate research and give form to 
ideas that would be otherwise left uninvestigated. It is in this vein that we shift our 
focus in chapters four and five to a specific application of nonlinear optics, temporal 
imaging as a method of ultrafast waveform generation and characterization. 
  Temporal imaging was motivated by the similarity in the differential form of 
the equations governing diffraction and dispersion [12-16]:   
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Where, A(x,z) and A(t,z) are the spatial and temporal amplitudes, respectively, k is the 
wavenumber, and β2 is the group-velocity dispersion (GVD) parameter.  Both 
equations have the form of the diffusion equation with complex diffusion constants, 
which has well known solutions [17].  
  Therefore, it is intuitively clear that these equations should have analogous 
behavior under certain conditions. Furthermore, β2 should be analogous to the negative 
of the inverse of k, which suggests that a beam diffracting in space would be 
analogous to a pulse dispersing in time in the anomalous-dispersion regime. It then 
follows that there should exist a mathematical operator that would focus a dispersing 
pulse in the manner in which a lens focuses a diffracting beam. Any such device 
5 would have a number of applications, since uses of spatial lenses have been well 
explored. A standard spherical lens places a quadratic phase across a beam. Similarly, 
an analogous temporal element should place a quadratic temporal phase across a pulse. 
Figure 1.1 shows this interaction. For a more rigorous development of time-lensing, 
please refer to B. Kolner's treatment [12]. 
Spatial lens  
quadratic spatial phase 
Time-lens  
quadratic temporal phase 
time   
Figure 1.1. Schematic showing how a quadratic temporal phase is 
applied to a pulse in the manner that a lens applies a quadratic spatial 
phase across a beam. (Figures by M. A. Foster) 
  Placing a quadratic phase on a pulse can be achieved easily by using a phase 
modulator [14]. However, phase modulators have bandwidths limited to ~100-GHz, 
which limits the smallest features that can be resolved to approximately 10-ps. In 
order to achieve ultrafast resolution, a high bandwidth solution must be used. 
Parametric temporal imaging uses parametric nonlinear-optical processes to supply the 
quadratic phase. This is achieved through wave mixing with a linearly chirped pulse 
[18,19] and a linear chirp is equivalent to a quadratic temporal phase. 
  Initial demonstrations of parametric time lenses were performed with χ
(2) 
interactions such as sum-frequency generation and difference-frequency generation.  
More recently, broadband FWM over a span of 200 THz has been demonstrated in 
silicon photonic nanowires [20]. This motivated the investigation of a temporal-
6 7 
imaging technique based on FWM [21]. FWM-based temporal-imaging has proven to 
be very fruitful, with recent demonstrations of  time-magnification [22], frequency 
magnification [23], and a time-telescope [24] have made the value of this system 
evident. However, these demonstrations were performed in limited systems, with 
limited usefulness since the same laser was used to produce the signal and pump pulse. 
  Therefore, it was the goal of our research to further develop the FWM-based 
temporal-imaging technique. Specifically, we aim to develop a temporal imaging 
system that can synchronize with any input signal. In addition, we will develop a 
technique for full-field, amplitude and phase, ultrafast pulse characterization based on 
broadband FWM. REFERENCES 
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SPECTRAL BROADENING IN CHALCOGENIDE NANOWIRES 
 
Photonic nanowires have grown into a popular and fruitful platform for performing 
nonlinear optics.  Recently, work with nanowires has had influence across a wide 
spectrum of physics research. One of the earliest and most notable experiments was 
the use of a microstructured fiber with a solid core defect to generate for the first time 
octave-spanning coherent broadband light [1]. This led to the successful measurement 
of the hyper-fine splitting [2]. While this particular experiment was not performed 
with nanoscale waveguides, this motivated the investigation of optimal sizes for 
nonlinear interaction in guided geometries [3]. Following that demonstration of super-
continuum generation (SCG), low pulse energy SCG [4], few-cycle pulse generation 
[5], broadband four-wave mixing (FWM) [6,7], and a host of ultra-high-bandwidth all-
optical devices [8-13] have been demonstrated using photonic nanowires as a 
platform.  
  Nanowires allow the researcher to control key aspects of the light-matter 
interaction. Nanowires can have tailored field confinement and dispersion.  However, 
it is equally important to investigate promising materials from which to construct the 
nanowires. Chalcogenide glasses have traditionally been studied for their transmission 
properties in the near infrared (NIR) and mid-infrared (MIR) [14].  However, they 
exhibit a number of key properties that make them attractive as a material for 
nanowire fabrication for the purposes of nonlinear optics.  They have large refractive 
indices n, which exceed 2.3 at 1550 nm.  These high refractive indices allow for high 
contrast with potential cladding materials, which will make high confinement 
waveguides possible to fabricate.  This is necessary for the development of compact 
10 devices and also enhances the nonlinear interaction [15]. The NIR and MIR 
transmission properties of chalcogenides also make them attractive. The transmission 
window includes the telecom band, which increases the viability of chalcogenides for 
research in high-bandwidth optical communications. Finally, chalcogenides have large 
intensity dependent indices that can be nearly three orders of magnitude larger than 
silica glass [16]. 
 Arsenic  trisulfide  (As2S3) has a n2 of 2×10
-14 cm
2/W, which is 60× that of silica 
glass [16]. It has a refractive index of 2.31 at 1550 nm, and low material loss at 1550 
nm of less than 0.5 db/m. We obtained samples of As2S3 microstructured fiber with a 
core diameter of 5 μm by Corning Incorporated.  The availability of microstructured 
fiber greatly simplifies the fabrication of nanowires.  They can be manufactured 
through post-processing by tapering the 5-μm core samples down by a factor of five to 
ten. The resulting chalcogenide nanowires will be highly nonlinear, with nonlinear 
parameters γ that are 10,000× larger than standard telecom fiber. 
  In this chapter, we present the fabrication of As2S3 nanowires through post-
processing of chalcogenide microstructured fiber. We then demonstrate the viability of 
these nanowires for nonlinear optics by showing low-power spectral broadening via 
self-phase modulation in the nanowires.  We show a 2π-phaseshift in a 3-cm-long 
sample at a peak power of 6 W. We then go on to demonstrate super-continuum 
generation over 750 nm in the tapered waveguides. 
 
2.1 Fabrication 
 
We based our method of fiber tapering on a method we first applied to silica glass 
microstrutured fiber. We used a novel reel-to-reel pulling system that allows the 
creation of nanowires of arbitrary length. We simply rotate the reels at different speeds 
11 to control the waist diameter of the tapered fiber. Since the volume of the glass is 
preserved, the diameter of the resulting fiber's core is simply given by' 
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f t s
s
d d
2 ,                                                   (2.1) 
where dt is the tapered fiber core diameter, df is the input fiber core diameter, sin is the 
rotational speed of the input reel, and sout is the rotational speed of the output reel. For 
a heat source, we used a 1/2" tungsten coil attached to a current source. We placed the 
coil in a positive pressure nitrogen environment to reduce oxidation of the heating 
coil. In the low-oxygen environment the coils can easily reach temperatures in excess 
of the melting temperature of silica glass, which is 1600°C.  However, all of our 
pulling was performed below the melting temperature of silica. Ideally, the glass 
should be pulled at a temperature moderately above its glass transition temperature Tg, 
which for silica is 1200°C. Figure 2.1 shows a schematic of our tapering setup. 
 
Figure 2.1. Schematic of the reel-to-reel tapering setup. Varying the 
ratio of the rotational speeds of the reels controls the waist diameter of 
the taper. 
Reel
Reel
Resistive Heater
(Tungsten) 
  In order to maintain tight confinement in nanowires fabricated from 
microstructured fiber, it is a essential to maintain large air holes around the solid core 
12 defect.  Figure 2.2 shows two fiber tapers, one with collapsed air holes and one with 
its honeycomb air hole structure preserved. 
   
(a) (b) 
Figure 2.2. Two SEM images of tapered microstructured fiber shown at 
the same magnification. Both samples have 550-nm core diameters. (a) 
The air holes have collapsed significantly. (b) The honeycomb structure 
is preserved. 
We compared two methods for preserving the air hole structure. The first and simpler 
method involved pulling at the highest speed the fiber could withstand without 
breaking and at the lowest temperature at which we could achieve the required 
tapering ratio. The second method involved tapering at a slightly higher temperature 
and increasing the gas pressure in the air holes to levels between 5 and 10 atm.  Figure 
2.3 shows scanning electron microscope (SEM) images of cross sections of tapers 
using both methods. 
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(a)  (b) 
 
(c) 
Figure 2.3. Three SEM images of tapered fibers. (a) A fiber pulled with 
no backing pressure but with honeycomb preserved. (b) A fiber pulled 
with backing pressure and with honeycomb preserved. However, 
excessive hole expansion has begun. (c) A taper with runaway hole 
expansion that has collapsed honeycomb. 
  It is clear from Fig. 2.3(a) that the air holes could be preserved without 
pressurizing the air holes in the fiber. In addition, it can be seen from Fig. 2.3(b) and 
(c) that tapers done with increased gas pressure often were destroyed by runaway 
expansion of a single air hole.  Therefore, when we implemented this system in 
chalcogenide glass microstructured fiber tapering, we tapered without extra gas 
pressure and just above Tg for As2S3, which is 170°C.  We fabricated samples with 
tapered waists as long as 10 cm and with core diameters as small as 500 nm. Figure 
2.4(b) shows a SEM image of a 500 nm As2S3 nanowire, which was tapered from a 5-
μm core microstructured fiber Fig 2.4(a). 
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(a) (b) 
5 µm  20 µm 
Figure 2.4. SEM images of chalcogenide glass microstructured fiber. 
(a) An untapered fiber with a 5-μm diameter core. (b) A tapered 
chalcogenide fiber with a 5-nm core and preserved honeycomb 
structure. 
2.2 Experiment 
 
To demonstrate the viability of these chalcogenide glass nanowires as a basis for 
nonlinear optic devices, we prepare a sample with a tapered waist 3-cm long, a core 
diameter of 1.0 μm along its waist, and untapered ends, which will facilitate input and 
output coupling, for testing with ultrafast pulses.  We place the fiber on a fiber-
launching stage with one 3-axis stage for input coupling and another for output 
coupling. We use a 20× aspheric objective to couple into the fiber, and couple out with 
40× aspheric objective. We pick off 3% of the output with a beam splitter and image 
this light on an InGaAs IR camera. We then collect the remaining light in a fiber 
collimator and feed it into an optical spectrum analyzer (OSA). Figure 2.5 shows a 
schematic of the coupling setup. 
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Figure 2.5. A Schematic of the chalcogenide nanowire coupling setup. 
2.3 Results 
 
To show low-peak-power spectral broadening in the waveguides, we couple the 
amplified output of a modulator forming 33-ps pulses at 10 GHz, which then undergo 
pulse compression.  In addition, we reduce the duty cycle of the system by a factor of 
five to achieve slightly higher peak powers after amplification.  The result is 4-ps 
pulses at a 2-GHz repetition rate centered at 1550 nm with an average power that 
varies with amplification.  
  We split the power in two arms of roughly equal lengths.  The slightly longer 
control arm consisted entirely of SMF28e fiber, and the other arm was made up of a 
mix of fiber and our coupling setup for the chalcogenide nanowire.  Since the testing 
arm involves a significant amount of free space propagation, the nonlinearity of this 
arm should be lower than the contribution from the chalcogenide nanowire. In 
addition, the nanowire suffers from a 75% coupling power loss; therefore, the power 
in its arm should also be lower.  Consequently, we can assume any observed increase 
in spectral broadening will be due to the nonlinearity of the nanowire and not to 
broadening in other fiber or components.  
16   Viewing the output of the two arms on an OSA, we see a clear signature of 
self-phase modulation induced spectral broadening in the nanowire arm that is absent 
in the all telecom fiber arm.  Figure 2.6 shows OSA traces of the control spectrum and 
nanowire output spectra at two power levels. At peak powers of 0.13 W inside the 
nanowire, the broadening is negligible.  However, at peak powers of 6 W the 
broadening is very apparent and has a clear two hump, 2π-phase shift signature. The 
broadening cannot be seen in the control arm, even at peak powers of 24 W.  These 
results agree with previous investigations of air clad As2S3 nanowires, which were 
fabricated by tapering step-index chalcogenide glass fiber [17]. 
 
Figure 2.6. OSA traces showing spectral broadening via SPM in an 
As2S3 nanowire. The control spectrum (black), low power spectrum 
with minimal broadening (blue), and higher power spectrum with clear 
2π-phase shift profile (red). 
  To investigate phenomena at higher powers, we moved our nanowire coupling 
setup to work with an optical parametric oscillator (OPO) pumped by a mode-locked 
17 Ti:Sapphire oscillator.  The system we worked with is commercially available through 
Coherent. The OPO is a highly flexible ultrafast system because it is able to produce 
150-fs pulses at 76 MHz, which can be tuned over a 400-nm bandwidth with no 
reconfiguration. 
  We centered the output of the OPO at 1480 nm and coupled it into our 
waveguide. The incident average power on the face of the waveguide was 150 mW. 
We optimized the coupling and fed the output of the fiber into an OSA. When optimal 
coupling was achieved, we measured no more than 3 μW of average power through 
the nanowire.  We attribute the low coupling efficiency to melting on the input 
coupling face due to green light, which is in the absorption band of As2S3, leaking out 
of the OPO. The limited coupling efficiency also limited our ability to judge loss 
through the waveguide and at the output.  In turn, this made it impossible to gauge the 
peak power levels achieved in the nanowire.  However, even with significant coupling 
power loss, we see wide spectrum SCG. Figure 2.7 shows several SCG traces.  These 
traces were all taken at the same incident power, but the coupling instability leads to 
rapidly changing SCG spectra.  We attempted to move to higher powers by removing 
a filter from the OPO output.  However, the visible light incident on the nanowire was 
increased to a few milliwatts. This increase of light in the absorption band caused the 
tapered nanowire waist to explode into a fine powder. The SCG spectra [18] and 
exploding tapers [19] are consistent with previous findings reported using air-clad 
nanowires. 
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Figure 2.7. OSA traces of SCG in a chalcogenide nanowire. The black 
line is the input spectrum. The colored lines are various output spectra. 
The output spectrum was particularly sensitive to input coupling, and 
this lead to a high degree of temporal instability. For this reason 
multiple output traces have been included. The continuum covers a 
span exceeding 750 nm. 
2.4 Conclusion 
 
In this chapter, we presented a method for fabricating chalcogenide glass nanowires 
through the post-processing of As2S3 microstructured fiber. We showed that samples 
with core diameters as small as 500 nm could be created.  In addition, with our novel 
reel-to-reel tapering setup, we demonstrated the ability to create samples as long as 10 
cm. We went on the demonstrate third-order nonlinear phenomena in two power 
regimes with these nanowires.  We showed a 2π-phase shift at peak powers of 6 W in 
a 3-cm sample.  At higher peak powers with femtosecond pulses, we showed SCG 
19 20 
over 750 nm.  However, the low melting temperature and high visible-light absorption 
of As2S3 limited the performance of the nanowires at even modest average powers.REFERENCES 
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 CHAPTER 3 
 
SILICON-WAVEGUIDE-COUPLED HIGH-Q CHALCOGENIDE 
MICROSPHERES 
  
 
The investigation of high quality factor (Q) cavities has grown into a mature research 
field, with fabrication techniques and applications seeing great refinements in the past 
several years [1-11]. Recently, work has leveraged the field buildup in small mode 
volume V, high-Q resonators to explore ultra-low threshold nonlinear optics (NLO). 
The figure of merit (FOM) for nonlinear interactions in such microcavities is Q
2/V, 
and Raman oscillation and four-wave mixing (FWM) were demonstrated in both silica 
microtoroids [7,8] and silica microspheres at low powers [9,10]. 
  Initially explored for their high transmission in the near-IR and mid-IR [12,13], 
chalcogenide glasses have recently attracted significant interest as a material for NLO 
[14,15].   Chalcogenides exhibit large refractive indices, large nonlinear refractive 
indices n2, and large Raman gain coefficients.  The combination of high waveguiding 
confinement, achieved through high index contrast with silica and air and large n2 
allows for the fabrication of extremely compact fiber [16-23] and on-chip devices [24-
26].  Applications such as all-optical switching [16], wavelength conversion [17], 
signal regeneration [18,25], Raman gain [19,20], super-continuum generation 
[23,24,26], and pulse compression have already been demonstrated in chalcogenide 
waveguides.  Arsenic triselenide (As2Se3), a chalcogenide glass, exhibits a particularly 
large nonlinear refractive index of n2  = 2.410
13 cm
2/W and a large Raman gain 
coefficient of 5.110
-9 cm/W, which is 930 and 780, respectively, that of silica 
glass [19].  It also exhibits a wide transmission window extending from 1 m to 17 
m [13].  In addition, As2Se3 has a large refractive index of 2.83 and an absorption of 
5 m
-1 at 1550 nm [27].   
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  Recently, chalcogenide glass microresonators have been demonstrated [28-32].    
When paired with the Q
2/V resonator enhancement for NLO interactions, As2Se3 
offers promise for low-power NLO, particularly in the NIR and MIR regime.   
Typically, silica microspheres have Q’s exceeding 10
8 [9,10], while those of 
chalcogenide glass microresonators are ~10
5 [28-32].  Therefore, to be completive 
with silica, further refinement of chalcogenide microresonator systems is necessary. 
  Here we fabricate high-Q As2Se3 microspheres and overcome phase matching 
challenges by coupling to the microspheres with index-tailored silicon nanowires.  We 
demonstrate a Q > 210
6, which to our knowledge is the highest Q achieved in a 
chalcogenide microresonator.  We also explore thermal instabilities in these 
microspheres and show that these instabilities are present at incident laser powers of 1 
mW.  Ultimately, these instabilities will limit the viability of As2Se3 as a material for 
nonlinear-optical microresonators. 
 
3.1 Theory 
 
High-Q resonator systems require a means of coupling light into the cavity.  For 
optimal buildup in the resonator cavity, the interaction between the cavity and the 
coupling mechanism must be accurately controlled.  Evanescent coupling from a fiber 
taper has been shown to provide sufficient degrees of freedom to achieve critical 
coupling to silica microspheres [5,6].  Furthermore, waveguide coupler geometries 
such as fiber tapers offer ease of integration with external systems.   
  Controlling phase matching in waveguide coupling schemes is a key parameter 
for achieving efficient coupling into the high index chalcogenide microspheres.  The 
propagation constant mismatch ∆β between the waveguide and the microsphere mode 
is 
), ( w s n n
c
  

           (3.1) 
where ns is the effective index of the sphere mode, and nw is the effective index of the 
waveguide mode.  Coupling efficiency falls off exponentially with the square of ∆β 
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[5].  Figure 3.1(a) shows the effective index of the fundamental mode versus the 
sphere diameter for AssSe3 microspheres, and Fig. 3.1(b) shows the effective index of 
both silica and silicon waveguides versus the material index multiplied by the cross 
sectional area. 
 
(a) (b) 
Figure 3.1.  Effective indices of As2Se3 microspheres, silicon 
nanowires, and silica nanowires.  (a) Effective index vs. sphere 
diameter for fundamental TE (red) and TM (blue) modes in an As2Se3 
microsphere.  (b) Effective index vs. material index multiplied by cross 
sectional area of silicon (red) and silica (blue) waveguides. 
  Appropriate phase matching can only be achieved via a waveguide with equal 
or greater material index than the microsphere’s effective index, since the effective 
index of a guided mode is always less than that of the material index of the core for 
waveguides based on total internal reflection [33].  Our simulations show that silicon 
nanowaveguides with a cross sectional area less than 0.3 m
2 can achieve phase 
matching with such microspheres. These waveguides offer a robust coupling platform, 
a convenient waveguide coupling geometry, and easy integration into both on-chip 
and fiber systems [34,35]. 
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3.2 Fabrication 
 
     
(a)  (b) 
bulge  taper 
 
sphere  (c) 
Figure 3.2.  Mockup of the three-step sphere fabrication process.  (a) 
Taper with 15-m waist.  (b) Bulge formed by cinching off end of 
fiber.  (c) Sphere formed using surface tension of molten AssSe3. 
We fabricate the high-Q As2Se3 microspheres using resistive heating and a three-step 
process.  We utilize a platinum heater, which allows for fabrication under normal lab 
conditions, including humidity and O2 concentration.  Oxidation on the surface of the 
sphere may contribute to overall loss; however, the effects were not investigated in 
this paper.   Using this process, we fabricate microspheres with high surface quality 
over a size range of 55-400 m.  We begin with IRT-SE-06-01 As2Se3 step-index fiber 
available commercially from CorActive.  We then taper the fiber down to a waist size 
of 15 m with a sharp transition.  We taper at a temperature of 200C, which is 
slightly above the glass transition temperature (177C) [36], and then translate 400-
1200 m along the fiber axis and taper until we cinch off the end of the fiber, which 
leaves a bulge.  We control the size of the bulge by changing the distance translated, 
which determines the volume of the sphere.  We then heat the bulge above the melting 
point (320C) of the chalcogenide glass, and the surface tension of the molten 
chalcogenide glass molds the bulge into a spherical shape.  Due to the rotational 
symmetry of the fiber and fabrication process the microspheres have low on-axis 
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eccentricity.   Figure 3.2 shows a mockup of the three steps, and Fig. 3.3 shows three 
completed spheres. 
 
50 
µm 
100 µm  100 µm 
(a)  (b) (c)
Figure 3.3.  Three completed microspheres showing good surface 
quality and diameters of (a) 55 m, (b) 270 m (on fiber axis e = 
0.086), and (c) 384 m. 
 
4.3 Experiment 
 
Figure 3.4 shows a schematic of our coupling and detection scheme.  To characterize 
the microspheres, light from an external-cavity diode laser is coupled into the sphere, 
and the frequency is repeatedly tuned over several GHz via piezo control.  An erbium-
doped fiber amplifier (EDFA) amplifies the signal, which is then coupled into an 
unclad silicon rib waveguide via a tapered lens fiber.  The waveguides have cross 
sectional dimensions of 900 nm by 250 nm and are fabricated on a SiO2 substrate.  At 
the point of coupling to the microsphere, the waveguides taper down to a cross section 
of 250 nm by 250 nm.  This corresponds to neff ranging from 2.9 to 1.1 in the 
waveguides.  We control coupling to the microsphere by bringing the microsphere in 
contact with the photonic chip and translate it transversely to the waveguide over the 
tapered region until optimal coupling is achieved.  We then detect the output signal 
with a photodiode and view its output on an oscilloscope. 
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Figure 3.4. Experimental setup.  Inset shows closeup of microsphere-
silicon waveguide coupling region. 
3.4 Results 
 
As we tune over the resonances, transmission dips are observed when coupling to the 
sphere is achieved, and we measure the width of these transmission dips to obtain the 
cavity linewidth.  We observe a linewidth of 80 MHz in an isolated mode with 7 dB of 
extinction, as shown in Fig. 3.5.  The Q of the system can then be estimated through 
the relation, 
           ,
0



 Q                      (3.2) 
where  is the cavity linewidth, and 0 is the center frequency. From Eq. 3.2 we 
obtain Q = 2.310
6, which we believe to be the highest Q achieved in a chalcogenide 
microresonator by a factor of 10.  
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Figure 3.5.  Isolated As2Se3 microsphere mode.  The linewidth of the 
mode is 80 MHz, which corresponds to a Q of 2.310
6 at 1550 nm.  
  In addition to characterizing the Q of the microspheres, we also explore their 
thermal stability.  Comparing As2Se3 to silica, we find that thermal instability, 
stemming from comparatively high linear absorption at 1550 nm and a comparatively 
low melting temperature, severely limits the viability of As2Se3 as a material for NLO 
oscillation in a microresonator geometry.  This instability is manifested in two ways: 
resonance shifting at low incident powers and melting.  We demonstrate the resonance 
shifts by locating a cavity resonance and increasing the incident power in the 
waveguide.  In Fig. 3.6(a) we show that with 1 mW of incident power large shifts in 
the position of the resonance are observed.  This shift is due to light being coupled into 
the sphere mode and heating of the sphere via absorption, which results in a thermal 
change in the refractive index and a shift of the cavity resonance.  If this shift 
corresponds to the direction of the laser scan, more light will be coupled in, causing 
further shifting of the resonance.  This process will continue until the maximum 
coupling for the system is reached.  At that time, no more light can be coupled into the 
microsphere, and the laser will scan past the resonance.  This leads to the 
characteristic sharkfin shape seen in Fig. 3.6(a).   
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As2Se3 debris 
 
 
(b) (a) 
Figure 3.6.  Temperature instability in As2Se3 microspheres.  (a) 80-
Mhz cavity mode unshifted (red), and shifted by the thermo-optic effect 
with the characteristic sharkfin shape (blue).  (b) Debris ejected from 
melted microsphere. 
  At slightly higher incident powers of 2-3 mW, melting occurs, and material 
may be violently ejected from the sphere.  Figure 3.6(b) shows debris ejected from a 
microsphere.  While thermal resonance shifting can be mitigated with laser locking 
[37], the melting cannot be solved without cumbersome active cooling.  This places a 
hard limit on useable incident powers and precludes experiments such as broadband 
cascaded FWM [11] that require incident powers of ~50 mW. 
 
3.5 Conclusion 
 
We fabricated microspheres with Q’s > 210
6 and demonstrated efficient coupling to 
high-Q chalcogenide microspheres via silicon nanowires. We showed that thermal 
effects limit nonlinear optical performance and found that these thermal effects are 
present with  1 mW of incident laser power. 
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TEMPORAL-IMAGING SYSTEM WITH SIMPLE EXTERNAL-CLOCK 
TRIGGERING 
 
The demand for ultrafast-pulse characterization and waveform-generation techniques 
has driven research for high-bandwidth characterization systems.  This has led to the 
development of temporal-imaging and dispersion-based techniques that exploit the 
space-time duality of electromagnetic fields [1-6].  Techniques such as time stretching 
[7-9], time magnification [10,11], frequency magnification [12], time-to-frequency 
conversion [13-16], pulse compression [5], and ultrafast-waveform compression 
[18,19] have been demonstrated.  Recent implementations [6,11,12,17,19] based on a 
four-wave mixing (FWM) time-lens require synchronized pump and signal pulses.   
This is achieved by extracting the pump and the signal from the same source by 
spectral filtering.  Conversely, using a separate mode-locked fiber laser would provide 
the necessary bandwidth for ultrafast temporal imaging, but would require repetition-
rate locking using a feedback loop to achieve synchronous operation.  Ultimately, 
either of these schemes is restricted by the types of signal that can be measured.   
Therefore, it is desirable to develop a system in which high bandwidth pump pulses 
can be produced on-demand via a simple external trigger [20]. 
In this chapter, we propose and demonstrate a fully triggerable temporal-imaging 
system.  We base our system on a time-lens-compressed picosecond pulse source.  The 
output of the pulsed time-lens source is then spectrally broadened in non-zero 
dispersion-shifted fiber through self-phase modulation (SPM), which provides the 
pulses with sufficient bandwidth for ultrafast temporal imaging with high temporal 
34  
resolution.  We characterize the performance of our pulsed source by integrating it 
into a time-lens-based ultrafast optical oscilloscope (UFO), which uses time-to-
frequency conversion, to demonstrate multi-shot time-averaged wavepacket 
measurement.  We also characterize our system in a temporal-magnification scheme to 
perform high-temporal-resolution single-shot measurements.  We demonstrate the 
ability to characterize arbitrary waveforms with 1.4-ps resolution with 530-ps record 
length in multi-shot configuration and 1.5-ps resolution and 220-ps record length in 
single-shot configuration.  
 
4.1 Theory 
 
Temporal-imaging systems are based on the space-time duality.  Similar to a spatial-
lens that imparts a quadratic spatial phase across the beam, a time-lens imparts a 
temporal quadratic phase across a pulse [1-6].  In previous demonstrations, the 
required quadratic phase for a time-lens was typically applied by an electro-optic 
phase modulator [13].   In parametric temporal imaging, nonlinear optical (NLO) 
processes replace electro-optic phase modulators as the source of phase modulation [4-
6].  In a parametric time-lens, a pump pulse with a quadratic temporal phase is mixed 
with a signal pulse in either a χ
(2) or χ
(3) parametric process to impart a quadratic-phase 
shift on the converted pulse.  Since a quadratic-phase shift is equivalent to a linear 
frequency chirp, sending a broadband pump pulse through a dispersive fiber link can 
impart the desired quadratic temporal phase on the signal.  Additionally, in a time-
lens, the analog to an aperture is the temporal duration of the pulse.  Therefore, to 
ensure the pump pulse gives equal weight to all temporal components, a spectrally flat 
pump pulse is desired. 
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Figure 4.1.  Schematic of a FWM-based time-lens system.  A signal 
sent through an optical fiber with the group-delay dispersion matching 
the focal length of the time-lens is mixed with a linearly chirped pump 
pulse in a FWM process.  The converted output experiences a quadratic 
phase shift.  In this case, the output would undergo time-magnification 
by a factor of D2/D1, where D1 and D2 are the group velocity dispersion 
(GVD) parameters for the fiber before and after the FWM interaction, 
respectively. 
FWM in silicon offers low pump-power requirements [21] and a large conversion 
bandwidth that is suitable for high data-rate applications [22-25].  In addition, in 
FWM-based time-lens systems the signal and converted wavelengths can be close 
together, allowing them to be amplified, guided, and detected by similar equipment.  
Figure 4.1 shows a schematic of a FWM-based time-lens.  However, recent time-lens 
systems [6,11,12,17,19] lack an adaptable pump source necessary for the measurement 
capability of signal inputs that are independently generated from the pump.   Ideally, 
such a source would be fiber coupled, spectrally flat, and capable of producing high-
bandwidth pulses on demand. 
4.2 Experiment 
 
In order to create a suitable, triggerable pump pulse, we use a time-lens-compressed 
picosecond-pulse source [20,26].  Unlike conventional ultrafast laser sources, the 
time-lens source derives its repetition rate from an input RF signal rather than an 
oscillator cavity.  This makes the source ideal for synchronization, since the laser can 
36  
be synchronized to a clock signal from any source as its input.   We obtain the clock 
signal from a photodetector output of a test laser.  The clock signal drives an 
amplitude modulator that carves out pulses from a tunable cw source resulting in a 
33% duty cycle pulse train.  We send this output through an EDFA and then filter out 
the background amplified spontaneous emission.  We apply a quadratic phase across 
the pulses by using a 10-GHz electro-optic phase modulator.  The pulses propagate 
through 1.6 km of SMF-28 fiber, which compresses the pulses to roughly 4.5 ps in 
duration.  Figure 4.2 shows a diagram of the time-lens source. 
 
Figure 4.2.  Schematic of the pump source.  Pulses are generated using 
an arbitrary RF clock input, and then spectrally broadened through 
SPM in a low normal-dispersion fiber. 
Achieving fine resolution and long record lengths in temporal imaging systems 
requires sufficiently high pump bandwidth.  At the output of the time-lens source, the 
pulses have a bandwidth of 1 nm centered at 1546 nm.  To increase the bandwidth, we 
add a spectral broadening stage to the pump source after the time-lens compression 
stage.  After passing the pulses through another EDFA, we send them through 250 m 
of Corning Vascade LS+ fiber.  The pulses undergo SPM and see an increase in 
bandwidth from 1 nm to 100 nm.  We filter a spectrally flat off-center section of the 
output roughly 10 nm in bandwidth at 1559 nm to serve as the pump pulse.  After the 
broadening stage, we note a large amplitude noise at the output for high input 
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intensities [27].   In order to maintain a suitable pump output, we limit the pulse 
energy at the input of the Corning Vascade LS+ fiber to 2 nJ. 
 
4.3 Experiment 
 
As a proof-of-concept demonstration, we integrate this pulse source into a silicon-
time-lens based UFO [13-16].  In this scheme, the silicon time-lens works as a Fourier 
transforming device, and temporal information is directly converted to the spectral 
domain.  We can then view the temporal profile of the pulse on an optical spectrum 
analyzer (OSA) trace.  We linearly chirp the pump pulse by sending it through a pair 
of fibers, a dispersion compensation fiber (DCF) and a length of Corning Vascade 
S1000 fiber, with a total of -50 ps/nm of group-delay dispersion.  Taking advantage of 
their opposite dispersion slopes, we pair the fibers’ lengths to achieve low third-order 
dispersion (TOD).  We characterize a sub-picosecond signal pulse created by filtering 
10 nm of spectrum from the output of a mode-locked fiber laser.   
 
Figure 4.3.  A schematic of the ultrafast oscilloscope scheme.  The 
signal undergoes half as much dispersion as the pump, which 
corresponds to the focal length of the time-lens.  The pump and the 
signal mix on the silicon waveguide.  An OSA displays the output 
spectrum of both inputs and the idler output, and the idler spectrum 
emerges as a scaled version of the signal input in time domain. 
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  We pick off another portion of the fiber laser output and feed it into a 
photodiode.  The output of the photodiode serves as the clock input to our pump laser.  
We send the fiber laser pulse through -25 ps/nm of dispersion, which corresponds to 
the focal length of the silicon-time-lens.  Again, we utilize a combination of DCF and 
Corning Vascade S1000 fiber to achieve low TOD.  Figure 4.3 shows a detailed 
layout of the UFO.  We combine the two pulses and overlap them in time, and couple 
the combined output into a silicon waveguide for FWM.  The waveguide is 300 nm by 
700 nm and 1.5 cm in length, which is optimal for broadband FWM [22,25].  
 
Figure 4.4. The pump and signal pulses mix to form a narrowband 
idler.  The flat spectral profile of the pump ensures fidelity over the 
entire aperture of the time-lens. 
  Monitoring the output spectrum on an OSA, we vary the signal pulse delay to 
calibrate our system.  We find a time-to-frequency conversion factor of 0.036 nm/ps, 
and an average temporal resolution of 1.4 ps over a record length of 530 ps.  Figure 
4.4 shows an OSA trace of the FWM output.  The broadband pump and signal 
combine to generate a narrow band idler, which corresponds to an ultrafast signal 
pulse in the time domain.  Figure 4.5 shows the measured UFO traces as the signal 
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pulse timing is varied.  From this measurement, we calculate a record length of 530 ps.  
Figure 4.5 (inset) shows the 1.4-ps impulse response of the system. 
 
Figure 4.5.  A composite OSA trace showing the full record length of 
530 ps, and a single trace (inset) showing the 1.4-ps resolution of the 
system. 
  Next, we investigate the single-shot operation performance of our temporal 
imaging system by integrating our setup into a temporal-magnification system [10,11].  
For this scheme, we launch the signal into a dispersive link with a total group-delay 
dispersion of 6100 ps/nm, which is comprised of 360 km of SMF28e fiber.  Since this 
large dispersive length can be considered imaging in the Fraunhofer far-field, our 
converted signal’s temporal profile takes on the shape of its spectral profile [28].  The 
output of the dispersive link is fed into a 12.5-GHz photodiode and viewed on a 5-
GHz oscilloscope.  Figure 4.6 shows a layout of the temporal imaging system in a 
single-shot configuration. 
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Figure 4.6. A schematic of the single-shot temporal-magnification 
system.  The signal undergoes time-to-frequency conversion and is sent 
through a dispersive fiber link.  Analogous to far-field diffraction, the 
temporal profile of the converted output takes on the spectral profile.  
This results in the magnification of the initial temporal profile of the 
signal.  An oscilloscope that can be triggered for single-shot operation 
displays the photodiode output. 
We characterize our system’s single-shot performance by temporally resolving the 
output of a bandpass filtered mode-locked fiber laser, and by varying the delay on the 
signal showing 1.5-ps resolution over a record length of 220 ps.  Figure 4.7 shows a 
composite oscilloscope trace showing the timing of the signal pulse as it is varied over 
the entire record length.  Figure 4.8(a) shows a blow-up of a single signal pulse 
demonstrating the temporal resolution of the system.  Limited only by the signal 
repetition rate and magnification factor, the single-shot record length could easily be 
increased to the full 530 ps by frequency de-multiplexing the output into three 
channels.  
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Figure 4.7.  A composite oscilloscope trace obtained by multiple data 
acquisitions with varying signal-pump delays showing the single-shot 
record length of 220 ps. 
  In addition, we characterize the small time-scale jitter over 2 s.  We analyze 
the timing of 77 consecutive pulses from the fiber laser utilizing the sync out for the 
fiber laser as a timing reference.  We find that the root-mean-square (RMS) value of 
the timing jitter was 0.27 ps over 2-s measurement period.  The histogram in Fig. 
4.8(b) shows the variation in pulse-to-pulse timing.  The low RMS value of the jitter 
suggests that resolution could be further improved.  Reducing phase aberrations from 
higher-order dispersion and the SPM broadening stage would likely yield the desired 
result. 
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(a) 
(b) 
Figure 4.8. (a) A plot of an individual pulse showing the impulse 
response of the temporal-magnification system to be 1.5 ps.  The tail on 
the pulse arises from the response of the photodiode.  (b)  A histogram 
of the pulse-to-pulse jitter between the output of the system and the 
sync output of the fiber laser functioning as the test system.  The r.m.s. 
value of the timing jitter is shown to be 0.27 ps over 2 microseconds. 
  Finally, to demonstrate that the system is not limited to transform-limited 
waveforms, we characterize the intensity fringes between two interfering 40-ps laser 
pulses separated in wavelength but temporally overlapped.  To create the pulses, we 
modulate two cw lasers that are not phase-locked and tune their wavelengths.  
43  
 
(a) 
(b) 
(c) 
(d) 
Figure 4.9.  The fringe period decreases with increasing separation. (a) 
0.5 nm separation. We believe the non-sinusoidal shape of these peaks 
arises from soliton effect compression in the amplifier before the 
temporal imaging stage. (b) 1.5 nm separation, and (c) 2.5 nm 
separation. (d) The phase slip between the two lasers, which are not 
phase-locked, washes out the fringes when averaged over multiple 
shots. 
  As we increase the wavelength separation of the pulses, the temporal width of 
the interference fringes decreases.  Figure 4.9 shows the fringe period decreasing with 
increasing separation.  Furthermore, this measurement is inherently single-shot, since 
the phase relation between the two signal lasers is continuously changing.  Single-shot 
measurements show pronounced fringes, while when averaged over multiple shots, the 
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fringes wash out.  Figure 9(d) shows a multi-shot average of the pulse envelope where 
the fringe contrast disappeared.   
 
4.4 Conclusion 
 
We demonstrated a completely triggerable temporal-imaging system. We 
characterized the system’s performance in both multi-shot and single-shot time-lens-
based schemes.  We showed 1.4 ps resolution with 530 ps record length using time-to-
frequency conversion.  We demonstrated 1.5-ps resolution and 220-ps record length in 
a single-shot temporal magnification system.  We characterized the short-term timing 
jitter present between our pump and signal pulses and showed it to be 0.27 ps, which 
corresponds to 18% of the temporal resolution.  Finally, we illustrate the ability to 
perform complex waveform measurements by resolving the interference fringes 
between two frequency-separated laser pulses.  
REFERENCES 
 
1.  E. Treacy, “Optical pulse compression with diffraction gratings,” IEEE J. Quant. 
Electron. 5, 454-458 (1969).   
2.  S. A. Akhmanov, V. A. Vysloukh, and A. S. Chirkin, “Self-action of wave packets 
in a nonlinear medium and femtosecond laser pulse generation,” Sov. Phys. Usp. 
29, 642-647 (1986).   
3.  B. H. Kolner and M. Nazarathy, “Temporal imaging with a time lens,” Opt. Lett. 
14, 630-632 (1989).   
4.  B. H. Kolner, “Space-time duality and the theory of temporal imaging,” IEEE J. 
Quant. Electron. 30, 1951-1963 (1994).   
5.  C. Bennett and B. Kolner, “Principles of parametric temporal imaging—Part I. 
System configurations,” IEEE J. Quant. Electron. 36, 430-437 (2000).   
6.  R. Salem, M. Foster, A. Turner, D. Geraghty, M. Lipson, and A. L. Gaeta, 
“Optical time lens based on four-wave mixing on a silicon chip,” Opt. Lett. 33, 
1047-1049 (2008).   
7.  L. Mouradian, F. Louradour, V. Messager, A. Barthelemy, and C. Froehly, 
“Spectro-temporal imaging of femtosecond events,” IEEE J. Quant. Electron. 36, 
795-801 (2000).   
8.  Y. Han, O. Boyraz, and B. Jalali, “Tera-sample per second real-time waveform 
digitizer,” Appl. Phys. Lett. 87, 241116-8 (2005).   
9.  C. Dorrer, “Single-shot measurement of the electric field of optical waveforms by 
use of time magnification and heterodyning,” Opt. Lett. 31, 540-542 (2006).   
10. C. Bennett and B. H. Kolner, “Upconversion time microscope demonstrating 103x 
magnification of femtosecond waveforms,” Opt. Lett. 24, 783-785 (1999).   
11. R. Salem, M. A. Foster, A. C. Turner-Foster, D. F. Geraghty, M. Lipson, and A. L. 
Gaeta, “High-speed optical sampling using a silicon-chip temporal magnifier,” 
Opt. Express 17, 4324-4329 (2009).   
12. Y. Okawachi, R. Salem, M. A. Foster, A. C. Turner-Foster, M. Lipson, and A. L. 
Gaeta, “High-resolution spectroscopy using a frequency magnifier,” Opt. Express 
17, 5691-5697 (2009).   
13. M. T. Kauffman, W. C. Banyai, A. A. Godil, and D. M. Bloom, “Time-to-
frequency converter for measuring picosecond optical pulses,” Appl. Phys. Lett. 
64, 270-272 (1994).   
46  
14. P. C. Sun, Y. T. Mazurenko, and Y. Fainman, “Femtosecond pulse imaging: 
Ultrafast optical oscilloscope,” J. Opt. Soc. Am. A 14, 1159-1170 (1997).   
15. J.-H. Chung and A. M. Weiner, “Real-time detection of femtosecond optical pulse 
sequences via time-to-space conversion in the lightwave communications band,” J. 
Lightwave Technol. 21, 3323-3333 (2003).   
16. Y. Takagi, Y. Yamada, K. Ishikawa, S. Shimizu, and S. Sakabe, “Ultrafast single-
shot optical oscilloscope based on time-to-space conversion due to temporal and 
spatial walk-off effects in nonlinear mixing crystal,” Jpn. J. Appl. Phys. 44, 6546-
6549 (2005).   
17. M. A. Foster, R. Salem, D. F. Geraghty, A. C. Turner-Foster, M. Lipson, and A. L. 
Gaeta, “Silicon-chip-based ultrafast optical oscilloscope,” Nature 456, 81-84 
(2008).   
18. P. J. Almeida, P. Petropoulos, B. C. Thomsen, M. Ibsen, and D. J. Richardson, 
“All-optical packet compression based on time-to-wavelength conversion,” IEEE 
Photon. Technol. Lett. 16, 1688-1690 (2004).  
19. M. A. Foster, R. Salem, Y. Okawachi, A. C. Turner-Foster, M. Lipson, and A. L. 
Gaeta, “Ultrafast waveform compression using a time-domain telescope,” Nature 
Photon. 3, 581-585 (2009).   
20. J. Chou, C. V. Bennett, O. Boyraz, and B. Jalali, “Triggerable continuum source 
for single-shot ultra-fast applications,” in Proceedings of IEEE Conference on 
Lasers and Electro-Optics Society (Institute of Electrical and Electronics 
Engineers, New York, 2006), pp. 806-807. 
21. A. C. Turner, M. A. Foster, A. L. Gaeta, and M. Lipson, “Ultra-low power 
parametric frequency conversion in a silicon microring resonator,” Opt. Express 
16, 4881-4887 (2008).   
22. M. A. Foster, A. C. Turner, J. E. Sharping, B. S. Schmidt, M. Lipson, and A. L. 
Gaeta, “Broad-band optical parametric gain on a silicon photonic chip,” Nature 
441, 960-963 (2006).  
23. Y. Kuo, H. Rong, V. Sih, S. Xu, M. Paniccia, and O. Cohen, “Demonstration of 
wavelength conversion at 40 gGb/s data rate in silicon waveguides,” Opt. Express 
14, 11721-11726 (2006).   
24.  Q. Lin, J. Zhang, P. M. Fauchet, and G. P. Agrawal, “Ultrabroadband parametric 
generation and wavelength conversion in silicon waveguides,” Opt. Express 14, 
4786-4799 (2006).   
47  
48 
25. A. Turner, C. Manolatou, B. Schmidt, M. Lipson, M. Foster, J. Sharping, and A. 
Gaeta, “Tailored anomalous group-velocity dispersion in silicon channel 
waveguides,” Opt. Express 14, 4357-4362 (2006).   
26. J. Van Howe and C. Xu, “Ultrafast optical signal processing based upon space-
time dualities,” IEEE J. Lightwave Technol. 24, 2649-2662 (2006).  
27. D. R. Solli, C. Ropers, P. Koonath, and B. Jalali, “Optical rogue waves,” Nature 
450, 1054-1057 (2007).    
28. J. Azaña and M. Muriel, “Real-time optical spectrum analysis based on the time-
space duality in chirped fiber gratings,” IEEE J. Quant. Electron. 36, 517-526 
(2000).  CHAPTER 5 
 
ULTRAFAST, SINGLE-SHOT PHASE AND AMPLITUDE MEASUREMENT VIA 
A TEMPORAL IMAGING APPROACH 
 
Temporal imaging is a highly effective approach to perform various types of ultrafast 
signal characterization [1-12]. For example, these techniques have been applied to 
time magnification [3-5], frequency magnification [6], ultrafast waveform 
compression [7], and time-to-frequency transformation [8,9]. Here we present a 
temporal imaging scheme that allows simultaneous single-shot intensity and phase 
measurement of an optical pulse using a pump source that has a repetition rate set by 
an external clock [10,11]. Such a system could be highly useful for characterizing very 
high bit-rate data streams with phase-shift keying. 
 
5.1 Experiment 
 
We implement a time-magnification scheme in which we heterodyne the signal with a 
quasi-cw beam to generate an interferogram from which we extract the phase 
information [12]. We base our setup on a temporal imaging system that derives its 
repetition rate from an external clock source [11]. Figure 5.1 shows a schematic of the 
experimental setup. For our test signal we use the output of a passively mode-locked 
fiber laser. The laser utilizes a carbon nanotube polymer as a saturable absorber, has a 
pulse duration of 400 fs, a center wavelength at 1568 nm, a repetition rate of 38.4 
MHz, and a 3-dB bandwidth of 10 nm [13]. We pick off 30% of the signal power to 
provide the clock input for our temporal imaging system. We send half the remaining 
power to a photodiode that drives an amplitude modulator. The modulator carves out 
2.5-ns pulses at 38.4 MHz out of a tunable cw laser source, which will serve as the 
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quasi-cw source for heterodyning. We then split and recombine the remaining laser 
power in an interleaver made from a series of two 50/50 couplers. We mismatch the 
lengths of the two paths of the interleaver such that we copy all pulses and double the 
repetition rate to 76.8 MHz. This allows us to generate an interferogram from a pulse 
and an intensity profile from its copy. We then disperse the signal in 160 m of Corning 
dispersion compensation fiber (DCF) to generate a predictable quadratic phase profile 
on the test signal. 
 
Figure 5.1. A schematic of the experimental setup. 
5.2 Results 
 
We amplify the interleaved signal output and combine it with the quasi-cw beam on a 
50/50 coupler. We then send the combined output into our time-magnification system, 
which has a magnification factor of 78, a resolution of 2.2-ps, and a record length of 
250 ps. We detect the output of the system on a 12-GHz photodiode and view its 
output on a 5-GHz oscilloscope. 
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  From the oscilloscope trace we retrieve the interferogram and temporal 
intensity profile. Figure 5.2(a) shows the interferogram overlaid on the temporal 
intensity profile. We then use Fourier processing to extract the phase information from 
the interferogram as follows: First, we divide the temporal-intensity envelope out of 
the interferogram  to extract the AC terms.  We then Fourier transform the resulting 
quotient.  Using a Heaviside filter, we then extract the high-frequency components and 
an inverse-Fourier transform to the filtered data to generate angular phase information 
in the time domain.  In a final step, we fit the function to a polynomial, and remove the 
DC and linear components.  The resulting plot represents the phase evolution with the 
linear component in time removed. 
  Figure 5.2(b) shows a simulation of the expected quadratic phase imparted by 
the 160 m of Corning DCF overlaid on the reconstructed phase that we retrieved from 
the interferogram. The fast rising edge of the pulse, which is on the order of 5 ps, 
causes an artifact in the phase reconstruction. This suggests that for accurate phase 
retrieval the system is limited to envelope fluctuations with time scales of 10 ps and 
phase variations with time scales on the order of the system’s temporal resolution of 
2.2 ps. Increasing the pump bandwidth to 10 nm and decreasing its linear chirp will 
improve the resolution of the system. In addition, improving the signal-to-noise ratio 
of the system will allow for more accurate intensity envelope measurement and 
consequently distinction between small time scale intensity fluctuations and 
interference fringes. 
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(a) 
(b) 
Figure 5.2. (a) The measured temporal intensity profile (blue) and 
interferogram (red). (b) A simulation showing the expected quadratic 
phase (blue) and the reconstructed temporal phase (red). 
5.3 Conclusion 
 
In summary, we present an ultrafast single-shot measurement of temporal intensity 
and phase via time magnification and heterodyning. We show accurate phase retrieval 
for waveforms on the order of 10 ps, and resolve interference fringes on the order of 
2.2 ps. We believe that a system with 300-fs resolution is achievable. This system has 
applications in ultrafast waveform characterization, and analysis of high data-rate 
phase-shift-keyed data streams. 
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CONCLUSION 
 
Here we presented investigations in optical phenomena and applications in highly-
nonlinear materials and geometries. We fabricated chalcogenide nanowires in a reel-
to-reel tapering setup. We created samples of extremely high aspect ratio, which had 
core diameters as small as 500 nm and lengths up to 10 cm. We then showed the 
viability of these nanowires for nonlinear optical devices through demonstrations of 
nonlinear light-matter interactions in two power regimes. We showed a 2π-phase shift 
via self-phase modulation (SPM) at a peak power of 6 W in a 3-cm sample with a core 
diameter of 1.0 μm. We then showed the production of greater than 750 nm of super-
continuum bandwidth using the 150-fs pulses from an OPO in the same sample. 
However, we demonstrated the limits of the viability of chalcogenide nanowires for 
nonlinear optical devices by showing their limited durability. These results agreed 
with previously reported findings [1-3]. 
  We went on to investigate microspheres fabricated from amorphous arsenic 
triselenide (As2Se3).  We developed a novel method of fabrication, which was based 
on heating using platinum coils in normal lab conditions, and produced high optical 
quality samples with diameters ranging from 50 μm to 500 μm. We then developed a 
new method of coupling to high refractive index resonators using silicon waveguides. 
We demonstrated loaded Qs of 2.3×10
6 with light centered at 1550 nm, which was the 
highest reported value in a chalcogenide glass resonator [3-7]. We then showed that 
thermal instabilities limited the practicality of using these resonators for enhanced 
nonlinear optic interactions. 
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  To motivate our investigations of highly-nonlinear materials and geometries, 
we explored applications for such systems. We developed a novel temporal-imaging 
system that can be easily synchronized to an external clock source. We based our 
system on a repetition-rate agile picosecond time-lens source [8]. Spectrally 
broadening the output of this source via SPM in Corning® Vascade LS+ fiber resulted 
in a system that has the bandwidth to support sub-picosecond resolutions. As a proof 
of concept, we implemented our temporal-imaging system in two time-lens systems. 
The first was time-to-frequency converter that showed arbitrary waveform temporal 
intensity profile characterization with a resolution of 1.5 ps and a 560-ps record 
length. The second was a temporal-magnification system that demonstrated single-
shot temporal intensity profile characterization of arbitrary waveforms with a 1.5-ps 
resolution and a record length of 220 ps. We also showed that the timing jitter limits 
the resolution of our temporal-imaging system to only 270 fs. 
  We then used our temporal-imaging system to develop a ultra-high-bandwidth 
full-field, amplitude and phase, arbitrary waveform characterization system based on a 
temporal-phase measurement using heterodyning [9].  We showed single-shot full-
field reconstruction with 2.2-ps resolution over a record length of 250 ps. 
 
6.1 Future Work 
 
Moving forward, we intend to further develop our temporal-imaging system. We will 
first modify our temporal imaging system to demonstrate resolutions only limited by 
timing jitter. We will then expand our repertoire of ultrafast characterization tools to 
include an ultra-high-speed polarization measurement. This would give the system the 
added capability to diagnose polarization-mode-dispersion issues currently limiting 
ultra-high-bandwidth telecommunications. 
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  In addition, investigations focused on the fabrication of arsenic trisulfide 
(As2S3) microspheres may prove fruitful. In contrast to As2Se3, As2S3 has lower two-
photon absorption, which may reduce thermal instability at high power. Although 
As2S3 has an intensity dependent refractive index that is a factor of ten lower than  
As2Se3, this would only require a factor of 3.16 increase in Q to make the materials 
equal in performance. Recent work showing cw four-wave mixing (FWM) in As2S3 
[10] waveguides further suggests work with microspheres made from this material has 
potential. Gain was shown in that experiment, which is necessary for spontaneous 
cascaded FWM.  However, seeded FWM experiments may prove simpler to perform.  
  Central to any further chalcogenide microsphere research will be the further 
development of the silicon waveguide coupler. However, the further development of 
these couplers will not be limited in the scope of their application to chalcogenide 
resonators. Diamond, sapphire, or any microresonator made from a material that has 
an index greater than that of silica but less than that of silicon could potentially benefit 
from further development of the silicon nanowire resonator coupler.  REFERENCES 
 
1.  D. Yoem, E. Magi, M. Lamont, M. Roelens, L. Fu, and B. J. Eggleton, “Low-
threshold supercontinuum generation in highly nonlinear chalcogenide 
nanowires,” Optics Letters 33, 660-662 (2008).   
2.  E. C. Magi, L. B. Fu, H. C. Nguyen, M. R. Lamont, D. I. Yeom, and B. J. 
Eggleton, “Enhanced Kerr nonlinearity in sub-wavelength diameter As2Se3 
chalcogenide fiber tapers,” Opt. Express 15, 10324-10329 (2007).   
3.  C. Grillet, S. Bian, E. Magi, and B. Eggleton, “Fiber taper coupling to 
chalcogenide microsphere modes,” Applied Physics Letters 92, (2008).   
4.  J. Hu, N. Carlie, L. Petit, A. Agarwal, K. Richardson, and L. Kimerling, 
“Demonstration of chalcogenide glass racetrack micro-resonators,” Optics Letters 
33, 761-763 (2008).   
5.  Y. Ruan, M. Kim, Y. Lee, B. Luther-Davies, and A. Rode, “Fabrication of high-Q 
chalcogenide photonic crystal resonators by e-beam lithography,” Appl. Phys. 
Lett. 90, 071102-3 (2007).   
6.  G. R. Elliott, D. W. Hewak, G. S. Murugan, and J. S. Wilkinson, “Chalcogenide 
glass microspheres; their production, characterization and potential,” Opt. Express 
15, 17542-17553 (2007).   
7.  J. Hu, N. Carlie, N. Feng, L. Petit, A. Agarwal, K. Richardson, and L. Kimerling, 
“Planar waveguide-coupled, high-index-contrast, high-Q resonators in 
chalcogenide glass for sensing,” Opt. Lett. 33, 2500-2502 (2008).   
8.  J. Van Howe, J. Hansryd, and C. Xu, “Multiwavelength pulse generator using 
time-lens compression,” Opt. Lett. 29, 1470-1472 (2004).   
9.  C. Dorrer, “Single-shot measurement of the electric field of optical waveforms by 
use of time magnification and heterodyning,” Opt. Lett. 31, 540-542 (2006).   
10. M. D. Pelusi, F. Luan, S. Madden, D. Choi, D. A. Bulla, B. Luther-Davies, and B. 
J. Eggleton, “Wavelength conversion of high-speed phase and intensity modulated 
signals using a highly nonlinear chalcogenide glass chip,” IEEE Photon. Technol. 
Lett. 22, 3-5 (2010).   
 
58 